Environmental exposure to a number of xenobiotics, including pesticides, can have serious effects on the immune system of children, thus rendering them susceptible to infections or other disease states. To study this problem, a recycling chromatographic system for assessing cytokine profiles in humans has been developed and used for the measurement of immune system function in children with documented exposure to residential pesticides. The system is capable of measuring 30 different analytes in a single sample thus enabling the same time examination of representative markers of immune differentiation and function. In the present study, a cohort of 25 exposed children were examined and shown to exhibit a number of features; all subjects demonstrated some abnormalities in cytokines associated with hematopoiesis. Additionally, elevations in pro -inflammatory cytokines and neuropeptides indicated a state of generalized and neurogenic inflammation. Further analysis indicated that a depression of the cellular arm of the immune system that correlated with clinical indicators of lowered host resistance to infection could also be detected in a subgroup of the exposed subjects. All exposed children demonstrated evidence of hyperstimulation of the humoral immune system as indicated by elevated IL -5 concentrations and clinical allergy. The degree of immune dysregulation in the exposed children was found to be quite marked when compared to similar studies performed on age -matched controls. Journal of Exposure Analysis and Environmental Epidemiology ( 2000 ) 10, 769 ± 775.
Introduction
The use of pesticides in agriculture has become widespread and has resulted in contamination of soil and groundwater. Human exposure to pesticides, due to either direct exposure or through the environment, has raised a number of concerns and issues such as the relationship between exposure and a number of clinical entities including an increase in the incidence of cancer (Adeshina and Todd, 1991; Doe and Paddle, 1994 ) . The use of pesticides to control residential termite infestations has opened another venue for direct exposure (Menconi et al., 1988; Savage, 1989 ) ; such exposures becoming a continuous event similar to an occupational exposure. Residential exposure has been reported to cause cases of clinical sinusitis, bronchitis, and migraine. Acute toxicity from the termite pesticide, chlordane, has been shown to produce signs of hypothermia, hyperexcitability, tremors and convulsions ( Grutsch and Khasawinah, 1991 ) in experimental animals. These authors also indicated that, in humans, concentrations of 3 ppm were sufficient to induce convulsions and serum concentrations exceeding 5 ppm could be fatal. Exposure to such pesticides can affect the immune system (Voccia et al., 1999 ) leading to either hyperactivity (increased incidence of clinical allergy and early onset of autoimmunity ) or impairment (increased incidence of upper respiratory and skin infections or an increased incidence of cancer ) . Recent studies have also demonstrated that chlorinated hydrocarbon insecticides can suppress chemokine -induced neutrophil and monocyte chemotaxis (Miyagi et al., 1998 ) .
Assessment of functional immunity is a time -consuming and sometimes difficult process, needing fresh cellular samples, which does not readily lend itself to epidemiological studies. To be able to study the effects of pesticides on immune function, other approaches have to be explored. The immune system is regulated by a series of signaltransduction molecules that can be divided into groups or families associated with certain immune functions, differentiation and reactivity states, such as T-cell differentiation and inflammation (Oppenhein and Ruscetti, 1997 ) . Although the roles of these agents are not fully established in the scientific community, examination of panels of activity -associated cytokines may enable an insight into the immune status of an individual at the time of sample acquisition, making this approach a potentially powerful way to study the immune system of subjects at risk.
In the present study an attempt has been made to evaluate the effects of exposure to the chlorinated pesticides, chlordane and heptachlor, in a group of children using cytokine profiles as indicators of immune function and regulation. A microscale system employing a battery of small recycling immunoaffinity columns as the isolation step coupled with laser-induced fluorescence ( LIF ) detection of the isolated analytes has been developed and applied to eluate from dried blood spots obtained approximately one year following exposure. The procedure described in this communication is capable of performing multiple separations on a single biological sample and has enabled investigation into several different immunological processes.
Methods

Study Groups
The``exposed'' study group consisted of 25 children (4 ±7 years of age ), whose families self -reported the onset of clinical abnormalities following a prolonged ( 12± 14 month) continuous exposure to chlordane and/ or heptachlor. In all cases, the exposure was reported to have occurred following routine treatment for termite infestation and although air-borne residue concentrations were not reported, exposure was confirmed by measurement of pesticide residues in the subject's blood using gas chromatography. The``exposed'' group was further divided into a``sick'' and a``well'' group. The former consisted of 15 individuals with clinical signs of type I hypersensitivity and an increased incidence of staphylococcal skin and viral upper respiratory tract infections, whereas the latter consisted of 10 individuals who presented with a relatively normal clinical picture, except for a few incidences of allergic rhinitis. Blood concentrations of total chlordane or chlordane metabolite residues reported in the``sick'' group were between 18.2 and 21.8 parts per billion (ppb ), whereas the total concentrations in the``well'' group were between 5.6 and 8.9 ppb.
A``control'' group of 25 age -matched children were also studied and compared to the``exposed'' group. The parents of these individuals self -reported no known residential exposure to chlordane and /or heptachlor; this was confirmed by the lack of detectable concentrations of pesticide residues in their blood. All samples were collected in 1980 and stored at À 708C before testing. The project received approval by the institutional human studies committee and parental consent was obtained before sample collection and analysis.
Reagents
Recombinant human cytokines, chemokines, interferons, and tumour necrosis factors ( Table 1) as well as their corresponding anti -cytokine antibodies were obtained from R & D Systems ( Minneapolis, MN, USA ). Neuropeptides (Table 1 ) and anti -neuropeptide antibodies were obtained from Bachem Bioscience Inc ( Philadelphia, PA ) . All cytokines and neuropeptides were reconstituted to stock solutions of 1 g/ml in 100 mM phosphate at pH 7.4 and the antibodies biotinylated via their Fc portions using the hydrazine± biotin procedure (Phillips, 1992) . Solid glass beads ( $10 m diameter ) were obtained from Polysciences (Warrington, PA, USA ) and glass modification chemicals (3 -aminopropyltriethoxy-silane and 1,1 H -carbonyldiimidazole ) were obtained from ICN Biomedicals (Costa Mesa, CA, USA ). PEEK (Poly ±ether ±ether ± ketone ) biocompatible chromatography columns, column fittings, and chromatography tubing were purchased from Alltech Associates (Deerfield, IL, USA ) . Analytical grade 
Instrumentation
Chromatography was performed on a BioCad Sprint automated HPLC system (Perseptive Biosystems, Inc., Framingham, MA ) equipped with a BioCad Scout sixcolumn selector. Five immunoaffinity columns were connected to the selector enabling recycling of each sample consecutively through all five columns in a similar fashion to that previously described ( Phillips and Krum, 1998 ) . The Scout also permitted elution of each individual column without disturbing the others. Detection of each eluted analyte was achieved with LIF using a laboratory -built LIF detector (Phillips and Krum, 1998; Phillips and Dickens, 1998 ) .
Preparation of Test Samples
Finger-stick blood spot samples were collected from each member of the study or control groups by allowing the blood to``spot'' onto Schleicher and Schuell Grade 903 filter paper before air drying and storage in heat -sealed plastic bags at À 708C. Areas equivalent to a 25-L drop were punched from the filter paper and eluted in 25 L of 0.01 M phosphate, pH 7.4 before analysis. The protein content of each eluate was measured spectrophotometrically at 260/280 nm and the samples normalised to a standard protein content of 1 g/ml. Each sample was mixed (1:1 vol / vol ) with a 1 -g /ml solution of the red -light -emitting ( 670± 675 nm ) fluorochrome, Cy5 ( Research Organics, Cleveland, OH ), dissolved in 0.5 M carbonate, pH 9.5. The mixture was placed on an overhead mixer for 30 min at room temperature and clarified by centrifugation at 10,000Âg for 5 min before analysis.
Construction of the Immunoaffinity Columns
Antibody -coated glass beads were prepared as previously described (Phillips, 1992 ) . Briefly, the surfaces of acidwashed beads were silane -modified before the chemical attachment of carbonyldiimidazole groups, followed by coating with streptavidin. The biotinylated antibodies were immobilised onto the surface of the streptavidin -coated beads by incubating the beads in the antibody solution overnight at 48C. The beads were then washed, slurrypacked into 4.6 mm IDÂ25 mm PEEK columns and attached to the HPLC system (Phillips, 1992 ) .
Analysis by Recycling Immunoaffinity Chromatography
Following injection, the system was programmed to pass the sample through each column. During this phase, the immobilised antibody in each column captured its specific analyte, allowing the remainder of the sample to pass onto the next column. The effluent from the last column was collected and passed through another panel of columns containing a set of different antibodies. Recovery of the bound analytes was achieved by programming the column selector to pass an acid elution buffer through each column in turn. Detection of the released analytes was achieved by the LIF detector and relay of the signal to a CCD -based spectrometer ( S200, Ocean Optics, Inc, Dunedin, FL ) coupled to an IBM computer via a 1000 MHz A / D interface. The signal was analysed by the spectrometer software (OOIBase32, Ocean Optics ). In this way, each sample was subjected to extraction by 30 different antibodies, the analytes recovered from each column being measured by the LIF detector and compared to standard curves constructed by subjecting recombinant standards to the same extraction procedure.
Statistical Analysis
Statistical analyses were performed using GraphPad Prism version 3.00 software (GraphPad Software, San Diego, CA ) for IBM computers. All data are expressed as the mean standard error of the mean and the Student's t-test was used to compare data from the exposed and normal groups, p< 0.05 was considered significant.
Results
Examination of the recycling assay characteristics demonstrated that the procedure exhibited a limit of detection (LOD ) between 2.2 and 3.0 pg /ml for all of the analytes studied. The accuracy and precision of the assay was tested by examining recovery of each analyte from``spiked samples'' of filter paper-dried normal human blood, demonstrating greater than 95.9 3.2% for all analytes. The inter-and intraassay coefficients of variation (C.V. ) were less than 6.11 0.33 and comparison of the recycling technique to standard enzyme immunoassays demonstrated r 2 values in the range of 0.9167 to 0.9868 when analysed by least squares linear regression using the GraphPad Prism software. Additionally, in five of the exposed individual's where frozen plasma was still available, the recoveries from the dried blood spots gave results that were between 95% and 98% of the original value for all the cytokines assayed. This is in keeping with the results reported by Nelson et al. (1998) and Grether et al. (1999 ) who studied multiple analytes by recycling immunoaffinity chromatography in 10 -to 15 -year-old dried blood samples.
Analysis of the findings indicated that the exposed group demonstrated cytokine alterations consistent with changes in two compartments of the immune system, namely hematopoiesis and T-cell regulation. Additionally, it was found that indicators associated with inflammation and clinical hypersensitivity were elevated in the exposed group. Depression of hematopoiesis -associated cytokines was seen in all of the exposed subjects but the extent of the depression was different between the``well'' and``sick'' group. IL -3 concentrations demonstrated the most dramatic change, the``well'' group exhibiting a mean of 51.2 11.3 pg /ml compared to the mean control concentration of 119.6 26.3 pg /ml. The``sick'' group demonstrated an even more dramatic reduction in IL -3 concentrations ( mean = 36.8 8 pg /ml ) . This trend was observed in both exposed groups for all of the hematopoiesis -associated cytokines (Figure 1 ) .
There was also indication of a depression of the cytokines associated with T-cell differentiation and development leading to a depression in cell -mediated immunity. This was seen clinically by an increased incidence of physician visits for skin and upper respiratory tract infections. Figure 2A illustrates the depression in cytokines associated with cell -mediated immunity, especially IL -12 ( 4.0 1 pg/ ml ) and IL -15 (3.6 1.1 pg /ml ) in the``sick'' group. The``well'' group of exposed children also exhibited depression of these cytokines but to a lesser degree than those in the``sick'' group (IL -12 = 15.5 3.4 pg /ml and IL -15 =6.9 1.8 pg/ml ) . This depression of cytokine regulation correlated with the incidence of medical follow -ups over the next year for skin and /or upper respiratory infections ( Figure 2B ) . The majority of the``well'' group ( 7/10 ) were reported to have visited the physician between one and three times over the year whereas a small number ( 2/10 ) presented three to five times in the year. One child did not have a record of any physician visits. This contrasted with the``sick'' group, a small number of whom (2 /15 ) presented one to three times but the majority (10 /15 ) presented three to five times. A small number ( 3/ 15) of this group were reported to have presented greater than five times, which was the highest incidence of medical visits. In the control group, 5/ 25 of the children had no record of physician visits for skin or upper respiratory tract infections and the majority (20 /25) were reported to have between one and three visits; however, the majority of these subjects averaged one visit.
Although the markers for generalized inflammation were slightly elevated in the``well'' group of exposed children, marked elevations of IL -1, IL -6, TNF and the chemokines, IL -8 and RANTES were seen in the``sick'' group. IL -1 concentrations in this group exhibited a mean value of 362.1 97.8 pg /ml as compared with a mean value of 18.6 5 pg/ ml for the control group. Similarly, TNF concentrations were found to exhibit a mean of 408.2 110.3 pg /ml in the``sick'' group as compared with Figure 1 . The profiles of hematopoiesis-associated cytokines in the study groups one month postexposure. The exposed group is divided into``well'' or subjects with no clinical signs and``sick'' or subjects exhibiting a number of clinical features (see text for details). *Indicates significant difference from control values at the p < 0.05 level. a mean of 21.4 5.8 pg /ml in the controls. Two chemokines were also elevated (IL -8= 182.6 40.1 pg / ml and RANTES = 133.7 40.1 pg /ml ) when compared to the concentrations of these chemokines found in the controls (13.7 3 pg/ ml and 10.8 3.2 pg /ml for IL -8 and RANTES, respectively ) . A summary of these findings is presented in Figure 3A . A similar situation was seen for markers of neurogenic inflammation ( Figure 3B ) wherein the``sick'' group demonstrated elevated concentrations of all four pro -inflammatory neuropeptides in addition to the markers for general inflammation.
Significant increases in IL -5 were seen in a subgroup of the exposed group; these concentrations correlating to the severity of clinical allergy (Figure 4) . The mean value for IL -5 in the``well'' group was found to be 28.4 15.3 pg /ml which was slightly elevated over normal (14.6 3.7 pg / ml ) . All of the subjects in this group had a clinical record of mild allergic reactions to a number of chemicals and environmental factors. Four of the``sick'' group exhibited moderate allergic reactions to food and environmental factors and were shown to have a mean of 78.1 10.6 pg / ml. The majority of the``sick'' group (11/15 ) suffered from severe allergies, often needing care from a professional allergist. These individuals demonstrated a mean IL -5 concentration of 231.0 52.7 pg /ml and were reported to have above normal blood histamine concentrations (data not shown ).
Discussion
The effects of exposure to pesticides on the human immune system are still relatively unexplored. Although numerous animal models have been used to study immunotoxicology, it has often been hard to correlate the findings with human studies (Van Loveren et al., 1995; Karol, 1998; Selgrade, 1999 ) . Considering that the immune system is essential for maintaining a healthy body, studies on the effects of environmental factors on immune function would seem highly important. One reason for the lack of human studies lies in the requirements for performing valid assays for immune function and status. One serious drawback to performing functional assays is the need for fresh blood, such assays requiring viable lymphocytes to perform flow cytometry or cell proliferation studies. Also, the amount of sample required for each subject is often inhibitory, especially when small children are involved. Dried blood spots are a useful approach to collecting numerous samples in the field, especially from newborn or young children. Additionally, there exists a wealth of archival blood spots collected from infants at birth ( Loffredo and Ewing, 1997 ) . Dried blood spots have been used extensively for the screening of neonates for a variety of different analytes ranging from cocaine exposure ( Henderson et al., 1997 ) , to screening for thyroid hormones ( Hearn and Hannon, 1982; Slazyk et al., 1988 ) , hypercholesterolaemia (Beeso et al., 1999 ) and folate ( O'Broin and Gunter, 1999 ) . Dried blood spots have also been used to study environmental exposure to dichlorodiphenyldichloroethylene ( Burse et al., 1997 ) . Diamandi et al. ( 1998 ) demonstrated that dried filter paper blood spots could be used to measure human insulinlike growth factor I and insulin -binding protein 3. These authors also demonstrated that the recovery and stability of these growth factors was excellent under general laboratory conditions. Likewise, archival blood spots have been used to measure a number of different immune parameters in samples obtained from children with cerebral palsy (Nelson et al., 1998; Grether et al., 1999 ) . These latter studies isolated and measured 53 analytes by recycling immunoaffinity chromatography thus demonstrating the usefulness and versatility of dried blood spot samples. In the present study, samples from pesticide -exposed children were analyzed for the presence of 30 different analytes ( cytokine, chemokine, and neuropeptide) to assess the immune status of these individuals following exposure. The samples were taken 1 month following reported exposure and stored as archival samples during the time that clinical follow -up was being performed on the subjects. This convenience allowed comparison of the laboratory findings with clinical outcomes, thus making the laboratory findings more significant.
The value of studying cytokine expression as markers of immune function has gained popularity, especially in molecular biological studies. Meredith et al. (1990 ) studied the immunomodulatory effects of Biostim ( RU -41740 ) by examining its ability to induce the expression of cytokine mRNAs in vitro. These studies demonstrated the upregulation of the inflammatory cytokines IL -1, IL -6, and TNF following a 3 -h exposure to the agent. Vandebriel et al. ( 1998 ) examined the expression of cytokines by molecular biological techniques to successfully assess not only the influence of immunotoxic agents but also ( in some selected cases ) the mechanisms of their action. The role of cytokines in immunotoxicology has become so popular that recently a symposium was devoted to this subject (Cohen et al., 1999 ) . In the present study, cytokines plus other immuneassociated molecules were used to dissect different parameters of the immune system. Although some controversy exists regarding the significance of a number of cytokines in clinical situations, data are accumulating that indicate that studying panels of activity associated cytokines, i.e., chemokines and inflammation -associated cytokines can give valuable insights into disease processes and immune function. This approach was reviewed by Ghezzi ( 1994 ) who outlined the potential of using cytokine profiles as markers for immune changes during assessment of immunotoxicology.
The application of immunoaffinity techniques to analyze clinical samples has expanded over the past 5 years and the development of modification to these techniques, that enable multiple analytes to be measured, has advanced it even further (Nelson et al., 1998; Phillips and Krum, 1998 ) . The technique can easily be adapted to automated and miniaturized systems therefore making it amenable to clinical and epidemiological studies. The availability of multianalyte cytokine measurements enables a spectrum of immune parameters to be examined in the same sample thus yielding valuable information on a number of important immunological pathways. This coupled with the convenience and versatility of dried blood spot samples greatly simplifies sample processing for field or epidemiological studies. In the present study, it was shown that several cytokine markers could be extracted from dried blood spots and that these markers correlated well with a number of clinical parameters, especially increased incidence of allergic rhinitis and upper respiratory tract infections.
